Bright green electroluminescence with luminance up to 2800 cd/ m 2 is reported from indium-tin-oxide/SiO 2 : Tb/ Si metal-oxide-semiconductor devices. The SiO 2 :Tb 3+ gate oxide was prepared by thermal oxidation followed by Tb + implantation. Electroluminescence and photoluminescence properties were studied with variations of the Tb 3+ ion concentration and the annealing temperature. The optimized device shows a high external quantum efficiency of 16% and a luminous efficiency of 2.1 lm/ W. The excitation processes of the strong green electroluminescence are attributed to the impact excitation of the Tb 3+ luminescent centers by hot electrons and the subsequent crossrelaxation from 5 D 3 to 5 D 4 energy levels. Light-emitting devices with micrometer size fabricated by the standard metal-oxide-semiconductor technology are demonstrated.
I. INTRODUCTION
The combination of silicon-based electronic circuits with optoelectronic functionality is one of the key challenges for future semiconductor technology. 1 As the packaging density of transistors becomes higher and higher in ultralarge-scale integrated ͑ULSI͒ circuits, the problems of overheating and signal delay become serious due to the drastic increase of metallic connects. One possible solution could be optical interconnects integrated with silicon technology. 2 The implementation of silicon-based optical interconnections requires light emitters, waveguides, modulators, and photodetectors. 3 Since bulk silicon is an inherently bad light emitter for its indirect electronic band structure, hybrid systems with III-V photonic components have to be used until an efficient, reliable silicon-based light source becomes available. 4 Recently, several approaches for gaining light from silicon-based systems have been reported with the prospect of sufficient electroluminescence ͑EL͒ efficiency. The most prominent systems are porous silicon, 5 silicon nanocrystals in SiO 2 , 6 p-n diodes, 7, 8 Ge + -implanted SiO 2 , 9 and Er-doped silicon-rich SiO 2 sensitized with silicon nanocrystals. 10, 11 The latter ones, realized as metal-oxide-semiconductor ͑MOS͒ light emitters, are especially attractive, since they are fully compatible with silicon complementary metal-oxidesemiconductor ͑CMOS͒ technology. Efficient MOS EL devices have been fabricated by erbium-doped silicon-rich SiO 2 with the attractive infrared light emission at 1.54 m for telecommunications. 12 Another driving force for developing silicon-based light emitters is the requirement of tiny light sources in the visible and ultraviolet regions, which can be directly integrated into silicon chips for analysis of different biological substances, for silicon optical couplers, and high-resolution low-cost microdisplays. Rare-earth-doped silicon MOS light emitters with different emission wavelengths from the visible up to ultraviolet are feasible for these applications. Photoluminescence ͑PL͒ from rare-earth-doped SiO 2 thin films on silicon has been studied extensively in the past, such as Si-rich SiO 2 :Tm 3+ ͑Ref. 13͒ and SiO 2 :Tb 3+ . 14, 15 However, electroluminescence from rare-earth-doped MOS structures has not been studied much due to the limited current injection into the dielectric SiO 2 layer and the poor reliability at high electric field ͑charge to breakdown͒. One solution for this problem is the introduction of excess silicon into SiO 2 . The rare-earth-doped Si-rich SiO 2 thin films have exhibited an improved stability under high-density current injection; however, it comes at the expense of a lower EL efficiency compared to stoichiometric SiO 2 due to an increase of lowenergy electron tunneling between the silicon clusters.
Recently we have reported an efficient and stable electroluminescent Gd-doped MOS device, emitting deep UV light with an external quantum efficiency above 1%. 16 In this paper, efficient green EL from Tb-implanted SiO 2 MOS devices is reported with a maximum luminance above 2800 cd/ m 2 . The maximum external quantum efficiency is 16% with a luminous efficiency above 2.1 lm/ W. The EL and PL properties of the Tb-doped SiO 2 active layers are studied concerning variations of the Tb concentration and the annealing temperature. The excitation process of the EL from Tb 3+ in the SiO 2 matrix is also discussed based on the study of the photoluminescence excitation spectra, the intensity ratio of the blue to green peak ͑B/G ratio͒, the luminescence decay time, and the crossrelaxation. Author to whom correspondence should be addressed; electronic mail: j.sun@fz-rossendorf.de b͒ Present address: Fachbereich Physik, Universität Konstanz, 78457 Konstanz, Germany.
II. EXPERIMENTAL METHODS
Samples were prepared by silicon metal-oxidesemiconductor technology on a 4-in. ͕100͖-oriented n-type silicon wafer with resistivity of 2 -5 ⍀ cm. The MOS structures were fabricated by local oxidation of silicon ͑LOCOS͒ with gate oxide and a field oxide thickness of 1 m, as shown in the diagram of Fig. 1 . The active layer in the gate oxide is a 100-nm-thick thermally grown SiO 2 implanted with Tb + ions at two energies of 50 and 110 keV. The implantation doses were adjusted to generate a nearly constant Tb concentration in the depth range of 27-55 nm below the surface of the active layer. Figure 2 shows the profiles of the as-implanted Tb atoms in the SiO 2 layer with a concentration of 1.5%. The Tb profiles were calculated by TRIM98 as a first estimation, and confirmed by Rutherford backscattering spectrometry ͑RBS͒. The Tb atomic concentration was varied from 0.05% to 3% for different samples. The implantation was followed by furnace annealing at 800-1100°C in flowing N 2 for 1 h. The gate electrode is a 100-nm transparent indium-tin-oxide layer deposited by rf sputtering. Various shapes of MOS devices with different feature sizes in the range from 2 to 500 m were fabricated for testing the operation of the EL devices in dependence on the geometry. EL spectra were measured on a MOS structure with a circular indium tin oxide ͑ITO͒ electrode of 500-m diameter at a constant current supplied by a source meter ͑Kei-thley 2410͒. EL is observed at both positive and negative polarities of the applied voltage. The measurement was normally done with electron injection from the silicon substrate to the Tb-doped SiO 2 . The EL signal was recorded at room temperature with a monochromator ͑Jobin Yvon Triax 320͒ and a photomultiplier ͑Hamamatsu H7732-10͒. The EL intensity, the injection current, and the applied voltage were recorded simultaneously with a multiple channel data acquisition system. The absolute EL power from the device was measured using a calibrated optical power meter ͑Newport 818-SL͒. The external EL power efficiency was calculated by integrating the total EL output power from the front surface of the devices and by dividing the total electric input power. PL and PL excitation ͑PLE͒ spectra were also measured with the same system using a 75-W xenon lamp as an ultraviolet light source. The decay time of EL was measured by a multichannel scaler ͑Stanford Research System SR430, minimum time resolution of 10 ns͒ under the excitation of 100 -s voltage pulses.
III. RESULTS AND DISCUSSION
A. EL and current-field characteristics Figure 3 shows the electronic transitions and the EL spectra of different MOS devices with a 100-nm SiO 2 :Tb 3+ active layer containing different Tb concentrations of 0.05%, 0.15%, 0.5%, and 1.5%. The spectra are normalized to the same amplitude of the green EL peak at 541 nm. All samples were annealed at 800°C for 1 h. The spectra exhibit two groups of peaks, from 5 with different Tb concentrations of 0.15%, 0.5%, 1.5%, and 3%. The current-field characteristic of the unimplanted SiO 2 is also shown for comparison. At a low average electric field below 8 MV/ cm, the small injection current results mainly from the tunneling of electrons between the residual defects in the oxide layer. An onset of strong current injection regime is observed upon increasing the electric field above 8 -9 MV/ cm. The strong current injection is verified as Fowler-Nordheim ͑FN͒ tunneling injection of electrons at the Si/ SiO 2 interface, as shown in Fig. 5 . The FN tunneling is expressed as J / E 2 = A exp͑−B / E͒, where J is the current density, E is the average electric field, and A and B are constants. 18 From the linear fit of log͑J / E 2 ͒ versus the reciprocal electric field in Fig. 5 , the FN tunneling expression for the Tb-implanted SiO 2 layers is valid over a large range of J / E 2 from 1 ϫ 10 −7 to 1 ϫ 10 −3 A/͑MV͒ 2 . The current-field characteristics turn to a linear regime at higher current due to the series resistance of the device structure. The threshold electric field for the FN tunneling slightly shifts from 8 to 9 MV/ cm with increasing Tb concentration. This is probably caused by a shift of the flatband voltage of the MOS device due to an increase of electron traps, as deduced from the capacitance-voltage ͑C-V͒ characteristics. Figure  4͑b͒ shows the dependence of the EL brightness of the green peak at 541 nm on the average electric field for devices with different Tb concentrations. The onset of the EL emission is correlated with the strong current injection by FN tunneling. This indicates that the excitation of EL from Tb 3+ ions is due to a strong FN tunneling injection of hot electrons from the silicon substrate to the conduction band of SiO 2 . Figure 6 shows the dependence of the EL luminance on the current density for five samples containing different Tb concentrations from 0.05% to 3% after annealing at 800°C for 1 h. Initially the EL intensity has a linear relationship with injection current density, and then it saturates at high current density with a maximum intensity limited by the Tb concentration. A high luminance of up to 2800 cd/ m 2 is achieved for a Tb concentration of 3%. Figure 7 illustrates the dependencies of the EL power efficiency and the external quantum efficiency on the Tb concentration for samples annealed at 800 and 900°C. A decrease of the EL efficiency is observed at the higher annealing temperature of 900°C for samples with a Tb concentration above 0.5%. The EL efficiency increases linearly with increasing the Tb concentra- tion and then saturates above 2% due to the concentration quenching effect ͑see below͒. A high power efficiency of 0.3% ͑corresponding to an external quantum efficiency of 16% and luminous efficiency of 2.1 lm/ W͒ is obtained for the devices with a Tb concentration of 3%. ͑The scaling factor between external quantum efficiency and power efficiency is eV / ប, where V is the operating voltage and ប is the emission photon energy.͒ The quantum efficiency of our devices is comparable to those of InGaN quantum well green light-emitting diodes ͑16.5%͒. Figure 8͑a͒ compares the concentration dependence of the EL peak intensity of the 5 D 3 -7 F 5 ͑blue peak at 413 nm͒ and 5 D 4 -7 F 5 ͑green peak at 541 nm͒ transitions for the samples annealed at 800°C for 1 h. The EL intensity is measured at a constant current injection of 10 A. The green peak increases linearly with increasing the Tb concentration up to 2% and then saturates, while the blue peak shows a strong concentration quenching after increasing the Tb concentration above 0.15%. Figure 8͑b͒ shows the peak intensity ratio of the blue divided by the green peak ͑B/G ratio͒ as a function of the Tb concentration. The B/G ratio decreases with increasing Tb concentration, which indicates a more effective population of the 5 Fig. 9 . A similar effect has been previously observed in Tb-doped yttrium silicate glass. 20 As a result the relative intensity of the green emission increases for higher Tb concentration.
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B. Tb concentration
C. Annealing temperature
The annealing temperature dependencies of the blue ͑413 nm͒ and the green ͑541 nm͒ peaks were studied on samples with a constant Tb concentration of 1.5%. All EL spectra were again measured at a constant current injection of 10 A. Upon increasing the annealing temperature from 800 to 1100°C, the EL intensity of both peaks strongly decreases, while the B/G ratio increases in the EL spectra, as shown in Figs. 10͑a͒ and peak even shows an increase with increasing annealing temperature in Fig. 10͑c͒ , the decrease of the EL intensity cannot result from a faster nonradiative decay. Instead it has to come from a reduction of the number of effective Tb 3+ luminescent centers. This is probably due to the formation of optically inactive Tb clusters at a high annealing temperature, which is similar to clustering of Er atoms in Er-implanted SiO 2 .
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D. Excitation mechanism
Figures 11͑a͒ and 11͑b͒ show the PL and PLE spectra of the electronic transitions from the two excited energy levels 5 The excitation peak at 455 nm is absent in the excitation spectra of other Tb 3+ -doped silicate phosphors. Probably it results from the energy transfer of the excitation S 0 → T 1 of the neutral oxygen vacancy ͑NOV͒ ͑wSi-Siw ͒ centers in SiO 2 created by ion implantation, which has a similar transition energy at around 2.65 eV ͑470 nm͒. 23 The peak at 490 nm can be attributed to the excitation of electrons from the 7 F 6 to the 5 D 4 level.
The EL from rare-earth ions embedded in a matrix under high electric field can be excited via two processes. One is the direct impact excitation of the rare-earth ion by energetic hot electrons in the conduction band of the matrix. The charge states of the rare-earth ions do not change during the excitation process. The other process is the excitation across the host band gap or of defects, and subsequent energy transfer to the rare-earth ions. In the former process, the relative intensity of the peaks from higher excited levels normally increases faster with increasing electric field than those at lower energy levels due to an increase of the average energy of the hot electrons. This phenomenon was observed in ZnS:Er and ZnS:Tb thin-film EL devices. 24, 25 In the latter process, since the excitation comes from the energy transfer, the relative intensity of the emission peaks of rare-earth ions is mainly controlled by the thermal equilibrium between different energy levels of the rare-earth ions. Therefore, the relative intensity of the different peaks will not change dramatically with increasing electric field. Examples are ZnS:Tm or CaS:Tm thin-film EL devices. 26 In order to check the probable EL excitation process in the SiO 2 : Tb MOS devices, the B/G ratio of the EL spectra is plotted versus the average electric field in Fig. 12 for samples with different Tb concentrations. An increase of the B/G ratio of the EL spectra ͑prior to the saturation of excitation͒ was observed with increasing electric field. This gives strong evidence that the EL excitation is dominated by direct impact excitation from FN tunneling injection of hot electrons into the conduction band of SiO 2 , as shown in Fig. 5 . The strong decrease of the B/G ratio with increasing Tb concentration shows that the crossrelaxation from the higher excitation level 5 
E. EL excitation cross section
If the excitation process is dominated by the direct impact excitation, the change of the B/G ratio of the Tb 3+ luminescence may reflect an increase of the average energy of hot electron with increasing the electric field. The hot electrons for EL excitation may have an equivalent average energy similar to the PL excitation photon energy for the EL spectra with the same B/G ratio compared to the PL spectra. The B/G ratio of the PL spectra under excitation of photon energy of 5.16 eV ͑240 nm͒ is also marked by the horizontal lines for different Tb concentrations in Fig. 12 . The intersections indicate that the average hot electrons may have an equivalent average energy around 5.16 eV at an electric field around 10-11 MV/ cm. This value is consistent with the average hot electron energy determined at the same electric field in SiO 2 by different techniques such as vacuum emission, carrier separation, and EL. 27 The dependence of the EL intensity, I EL , on the charge flux, J / e, can be simulated by the equation
where I max , , and are the saturated EL intensity, the excitation cross section, and the total lifetime of an excited level, respectively. The product of can be evaluated by fitting the dependence of I EL vs J / e for the blue and green peaks from the 5 D 3 and the 5 D 4 levels. Figure 13 
F. Device geometry
Small devices are usually needed for the integration of MOS light emitters on silicon chips for different applications. Therefore, various shapes of MOS devices with different feature sizes in the range of 2 -500 m were fabricated for testing the operation of the EL devices in dependence on the geometry. Figure 14͑a͒ shows a photograph of an array of 15ϫ 15 MOS light-emitting devices with a diameter of 20 m and a distance of 70 m, which was taken under an optical microscope by a normal digital camera. Each of the devices was driven by a small current of 0.2 A. Figure  14͑b͒ shows a photograph of a comblike MOS light-emitting devices with a stripe width of 4 m. The smallest fabricated MOS light-emitting device had a diameter of 2 m, only limited by the optical lithography system available to us. The green light emission under the microscope was well visible with the bare eye at an injection current of a few nanoamperes. This demonstrates that the MOS light-emitting devices with a feature size in the ͑sub͒micrometer range could be directly integrated on ULSI circuits or lab-on-a-chip systems.
IV. SUMMARY
In summary, efficient green electroluminescence was obtained from indium-tin-oxide/ SiO 2 : Tb/ Si MOS devices doped by Tb + implantation. The EL efficiency increases linearly with increasing the implantation doses for a Tb concentration below 2%. The optimized device shows high external quantum efficiency above 16% and a luminous efficiency of 2.1 lm/ W. The excitation of the EL can be attributed to the direct impact excitation of the Tb 3+ ions by hot electrons with an impact excitation cross section up to 4.4 ϫ 10 −15 cm 2 . The crossrelaxation from the higher excited levels to the lowest excited levels of Tb 3+ restricts the concentration quenching of the green luminescence peaks, which enables the fabrication of efficient green EL devices at a high Tb concentration. Light-emitting devices with a micrometer feature size were demonstrated by the metal-oxidesemiconductor technology. 
